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Abstract—There are still many unknowns in the physiological
response of human beings to space, but compelling evidence
indicates that accelerated bone loss will be a consequence of
long-duration spaceflight. Lacking phenomenological data on
fracture risk in space, we have developed a predictive tool
based on biomechanical and bone loading models at any
gravitational level of interest. The tool is a statistical model
that forecasts fracture risk, bounds the associated uncertain-
ties, and performs sensitivity analysis. In this paper, we
focused on events that represent severe consequences for an
exploration mission, specifically that of spinal fracture
resulting from a routine task (lifting a heavy object up to
60 kg), or a spinal, femoral or wrist fracture due to an
accidental fall or an intentional jump from 1 to 2 m. We
validated the biomechanical and bone fracture models against
terrestrial studies of ground reaction forces, skeletal loading,
fracture risk, and fracture incidence. Finally, we predicted
fracture risk associated with reference missions to the moon
and Mars that represented crew activities on the surface.
Fracture was much more likely on Mars due to compromised
bone integrity. No statistically significant gender-dependent
differences emerged. Wrist fracture was the most likely type of
fracture, followed by spinal and hip fracture.

Keywords—Monte Carlo method, Probabilistic modeling,
Biomechanical model, Risk assessment, Fracture risk index,
Lumbar spine, Femoral neck, Wrist, Gravitational physiol-
ogy, Bone loss.
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Bone mineral density (g/cm?)

Center of mass

Dual energy X-ray absorptiometry, a
means of quantifying BMD
Extra-vehicular activity

Female

Fracture load (N)

Femoral neck

Factor of risk

Fracture risk index

Lumbar spine

Longitudinal Study of Astronaut Health
Male

Sample size

Probability

Quantitative computed tomography, a
means of quantifying BMC

Variables

A general empirical coefficient
Damping coefficient (kN s/m)
Force (N)
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Stiffness coefficient (kN/m)
Length (cm)

Mass (kg)

Displacement (cm)

O, capacity during maximum aerobic
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Posterolateral angle of impact (°)
Slope factor
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Standard deviation

Trunk flexion angle (°)
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BL Bone loss

CM Center of mass of the torso

e Earth

eff Effective

F Feet

G Ground

GR Ground reaction (force)

H Hip

HAT Head, arms and torso

LS Lumbar spine

O Object

PL Pelvis and legs

PM Postural muscles

S Suit

S Shoulder

T Torso

tot Total body

UB Upper body

W Wrist

Wa Waist

WaS Waist to shoulder
INTRODUCTION

This paper describes the development and validation
of a physics-based model to predict the risk of bone
fracture for astronauts based on skeletal loading. As a
group, astronauts are well-conditioned and athletic.”?
Itis clear that the duration of time in space is correlated
to significant bone loss.®*''> As a result, there is a
legitimate concern that the bones of an astronaut on
extended space missions will be less resistant to frac-
ture. Without access to emergency room care, a fracture
could have catastrophic consequences for the crew and
for the mission. We have developed a tool to assess the
risk of bone fracture during routine activities such as
lifting, as well as accidents due to falls from moderate
height, taking into account the effects of spaceflight and
the local gravitational acceleration.

In developing the model, we have focused our
attention on regions that are at particular risk,
including the femoral neck (FN), the wrist and the
lumbar spine (LS).'"” An examination of the literature
shows that a broad range of fracture complications
occur due to a fall from height, but many studies
identify the spine as a common fracture loca-
tion.?®3294197 The risk of spinal fracture is real, even
at falls from moderate heights,*’ 7% 111:129:139.136 g0
cially for falls onto hard surfaces.®®*'*® The FN is at
risk during a fall to the side,'® particularly in the case
of posterolateral impact.'***%122 In some cases, the
faller can respond actively by extending an arm to
absorb some of the impact, which can then put the

wrist in danger of fracture.’*>® In addition to modeling
likely scenarios for accidents during a space mission,
we included the risk of fracture resulting from lifting a
heavy object, which represents a danger for those with
substantially reduced bone density,”® and is also a
routine and common task that is essential to mission
operations. In this paper, we will describe the resulting
set of biomechanical models that mathematically
characterize the forces created during a static lift, a fall
or jump from the Lunar Lander (or similar) ladder,
and a fall to the side during an Extra-Vehicular
Activity (EVA). We then use bone fracture models to
predict the load at which a particular bone would
fracture. Finally, we compare the applied load and the
bone strength to ascertain if conditions exist such that
a fracture could occur. For the particular case of
astronauts, we use pre-mission bone density as a basis
on which calculate the cumulative bone loss due to
time spent in space over the course of a mission.

Aside from this deterministic infrastructure,
parameters such as bone density, weight, gender, and
details of the fall are associated with statistical distri-
butions that describe the envelope of possibility. In the
case of astronaut falls, the model uses data gathered
from the Apollo program to forecast the likelihood of
a fall during an EVA. Other parameters include the
height of a fall, the likelihood of active response, tissue
stiffness and damping, the amount of padding in the
spacesuit at the hip, and the weight of an object used in
a static lift. This approach also yields a sensitivity
analysis, which ranks the parameters in terms of their
importance in determining fracture risk.

Since there is no data available for validation of
actual space scenarios, we tested the model against
terrestrial studies of bone fracture. We adapted the
model to match any specified statistical variation in the
population of interest, including weight, age, gender,
measures of bone health, and heights of falls.

We will first describe the model itself, followed by a
discussion of the validation studies. We then extend the
model to predict fracture likelihood on Iunar and
Martian reference missions.

DESCRIPTION OF THE ASTRONAUT BONE
FRACTURE RISK MODEL (BFXRM)

We developed a bone fracture analysis tool, the
bone fracture risk model (BFxRM), to estimate bone
fracture probability and incidence rates for long-
duration space missions. The computational model
described below is combined with biomedical research
and clinically observed data to establish a framework
for addressing fracture risk scenarios due to falls, side
impacts, drop landings and lifting. The BFXRM takes



A Predictive Bone Fracture Risk Model for Astronauts 2339

into account specific crew data, such as age, height,
body mass, pre-flight bone mineral density (BMD), the
cumulative low-gravity exposure, impact energy
absorption and dispersion capabilities of the EVA suit,
active protective response, as well as specific mission
profiles and astronaut tasks that lead to high levels of
skeletal loading. The conceptual framework of the
BFxRM is illustrated in Fig. 1. Mission parameters
specify the envelope of tasks and accidents, gravita-
tional environments and the anatomical and physio-
logical characteristics that the simulation will consider.
An initiating event triggers a calculation of the forces
applied to the skeletal location of interest, followed by
an estimate of the current bone strength. We then
compare the applied load (AL) to the fracture load
(FL) to determine whether or not fracture could occur.

The simulation takes place within the context of
well-established probabilistic risk analysis. Many con-
tributing factors in the models discussed here exhibit
high variability and uncertainty. This model provides
for uncertainties due to known population variation
(aleatory), as well as for uncertainties due to lack of
knowledge (epistemic). Statistical distributions are
established to represent each varying parameter,

Initiating Active
Event Response
Probability Probability
Loading Event
Probability
Fracture
Probability
Probability Bone
Strength Exceeded
Skeletl | | Load/Strength
ing Level to Probability
Unloading il
Induced BMD Estimated Bone
Loss Su:nglh__ i

FIGURE 1. Conceptual outline of the bone fracture risk
model (BFxRM). The model is split into two sections, the first
dealing with the initiating event (generally extra-skeletal fac-
tors) and the second addressing biomechanical aspects of the
event (generally intra-skeletal factors). Probabilities from both
contributors are used to calculate the fracture probability.

including subject variation (such as weight and BMD)
and event variation (such as height of fall or weight
lifted). Our approach estimates the probability of
fracture through a Monte Carlo procedure in a sta-
tistically based analysis that tests many thousands of
combinations of the contributing factors. It then pools
the results to yield a quantified fracture probability,
described by a mean and standard deviation. The
results also identify the factors that most influence the
predicted uncertainty through small variations. These
measures can supply mission planners with improved
decision-making confidence by providing a familiar
metric (i.e., the probability of occurrence) for an
unfamiliar situation.

Two rules form the philosophy behind the BFxRM
modeling approach:

1. Keep it simple. Calculations within the model
framework must be accurate, but are reduced
to the simplest possible form to minimize
computational burden.

2. Use the best, most comprehensive data available.
We developed the model parameters using the
most up-to-date, well-accepted and statistically
significant data to reduce the overall model
uncertainty in the forecasted outcome.

Estimation of Bone Strength

Many calculations within the probabilistic model
depend on knowing certain physical parameters of the
astronaut subjects, such as body mass and the pre-
flight bone mineral density at the skeletal location of
interest. Flight-ready astronauts are significantly more
healthy and fit than the general population.”® Their
pre-flight aerobic capacity must be at or above the
mean value for their age, as set by the American Col-
lege of Sports Medicine Guidelines.”” At the average
age of 45+ 5years,”! astronauts are required to
have a VOjp.x = 38.1 mL/(kg min) for men and
VOomax 2 30.9 mL/(kg min) for women, prior to
flight.”> They must have healthy bone mass with a pre-
flight #-score of —1 or better. Similarly high standards
are placed on muscular strength and sensorimotor,
muscular, hematological and immunological func-
tion.”? We therefore consider the astronaut cohort as a
highly targeted population with parameter variations
independent of those of the general population.
Wherever possible, we develop astronaut parameters
directly from the NASA Longitudinal Study of
Astronaut Health (LSAH), e.g., body mass.”! If such
data is not available, then the parameters are based on
the most relevant populations that can be found, such
as athletes and military personnel. We parameterize
gender, initial BMD, and mission day of occurrence as
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inputs to the bone fracture risk model to characterize
the bone mass at the time of fracture.

During each trial of the Monte Carlo simulation, we
determined a body mass by randomly sampling a nor-
mal distribution with mean and standard deviation of
85.15 £ 0.13 kg for men, and 60.73 £+ 8.25 kg for
women. To prevent unrealistic values of body mass, we
set range limits between 50 and 114 kg. For initial
BMD, we used US population data from the NHANES
IIT study, which provided gender- and race-specific
values by decade of life.”” We erred on the conservative
side by using data for white Americans, since African-
Americans tend to have higher BMD. Based on the
data for 45 year-old white Americans, the pre-flight
BMD used in this model was 1.002 + 0.140 g/cm? for
men, and 0.920 & 0.136 g/cm? for women.

In this study, we will examine several reference
space missions as specified in Table 1. The local
gravitational accelerations are used in the calculation
of body weight and impact velocity. During space
travel, the astronauts are subjected to (nearly) zero
gravity, and the gravity levels on the lunar and Mar-
tian surfaces are approximately 1/6th and 3/8th of the
value at the earth’s surface, g. = 9.8 m/s”.

The unloading of the skeletal system (due to the
near-removal of gravitational forces in space and other
physiological changes) result in site-specific loss of bone
mass during the time spent in microgravity. The NASA
Fitness for Duty Standards®” require that astronauts
have a hip BMD f¢-score of not less than —1 (or
BMD > 0.820). (The t-score represents an individual’s
BMD by the number of standard deviations from the
mean BMD of an applicable reference race, gender and
age population. In this case 0.942 + 0.122 g/em?® is
used.) The goal is to ensure that the post-flight r-score
will be —2 or better (or BMD > 0.698). LeBlanc et al.®’
performed the seminal study documenting areal BMD
loss rates in space. They evaluated experimental pre-
and post-flight measurements of BMD using dual
energy X-ray absorptiometry (DXA) on 18 cosmonauts
with missions ranging from 4 to 14 months in duration.
For the hip and lumbar spine, the percentage loss in
BMD per month in space was slightly more than 1% of
the initial value (femoral neck: 1.06 £ 0.63%:; tro-
chanter: 1.56 £+ 0.99%; lumbar spine: 1.06 + 0.63%).

TABLE 1. Definition of mission scenarios.

Outbound Duration Return
Mission Gravity transit time of stay to earth
reference (m/s?) (days) (days) (days)
Lunar short 1.62 3 8 3
Lunar long 1.62 5 170 5
Mars short 3.71 162 40 162
Mars long 3.71 189 540 189

Other parts of the body, such as the arm, are reduced in
BMD to a lesser degree (arm: 0.04 £+ 0.88%). In the
BFxRM, we assumed a linear decrease of BMD
with time in space, since the data were based on esti-
mates obtained strictly from these (two-point) pre-
flight and post-flight measures to yield BMD(¢) =
BMD(1 — ag1.t/30), where agy, = 1.06 £ 0.63 and time
t is measured in days.

There is as yet no data to confirm that the pattern of
bone loss is linear over long time spans, nor that it
continues unabated throughout a planned long-dura-
tion mission. However, there is some terrestrial evi-
dence that bone mass may plateau after a period of
significant loss. A review of bone loss in one of the
most significant disuse medical conditions, spinal cord
injuries (SCI), indicates that after a peak rate of bone
loss at 3-5 months post-injury, the bone metabolic
process tends toward steady state after 16-24 months,
with BMD loss rates approaching those normally seen
with increasing age (see the review by Maimoun
et al.”). Similarly, Minaire er al.*® report a plateau
BMD level after 25 weeks of SCI. In an effort to
accommodate the SCI observations, we combined
observations of NHANES I1I°Y and Cummings et al.**
to estimate that the maximum percentage loss in an
astronaut’s BMD can be represented by a Gaussian
distribution of 60 4+ 17% (maximum 69%) relative to
the astronaut’s pre-flight BMD.

We compared our model against several terrestrial
studies on lumbar spine fracture which contained a
variety of measures of bone density. In order to make
quantitative comparisons to those studies, we devel-
oped corresponding relationships for age-dependent
bone mineral density for men and women that reflect
the general population. For women, we used the
research on pre- and post-menopausal women by
Greer et al.,”® which captured the significant decrease
in BMD that occurs in women starting at about age 40
through a correction accounting for time elapsed since
menopause. For men, we derived BMD from Musso-
lino er al.® through a linear decrease of BMD with
age. We used the data of Ebbesen ez al.,*' which pre-
sented both BMD and bone mineral content (BMC),
to convert our fracture model from dependence on
BMD to BMC when necessary. Some studies used
volumetric bone mineral density (vBMD), which nor-
malizes the BMD with the volume, which can be rep-
resented in the ideal case as a cylinder with specified
cross-sectional area and length.

Fracture Models

Many studies have sought to correlate bone strength
with the loading conditions leading to fracture. There
are varied approaches predicated on a critical skeletal
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loading,lo’l1’13’18’29’31’34’70’86’90’96’97’117’120 or, alterna-

tively, a critical skeletal stress.?’31:3409697 Tndepen-
dent variables include some measure of bone density,
and, in some cases, bone geometry,l1’13’23’34’47’131
structure,3330:46:52.81.8295103.119 54 Joad orienta-
tion,!423:29:43:52.60.10L.122.128 1059 others. Ebbesen
et al?' quantitatively assessed some of these correla-
tions by characterizing bone density (bone mineral
density (BMD), bone mineral content (BMC), and ash
density), geometry (vertebral cross-sectional area) and
failure conditions for L3 vertebrae under uniaxial
compression (sample size n = 101). In one of their
findings, they concluded that BMD is better correlated
to the applied load at fracture than to the applied
stress. Since we have access to BMD data that repre-
sent flight-ready astronauts, we used BMD and frac-
ture load (FL) as the quantities of measure in our
fracture models.

A sampling of cadaveric studies clearly points to a
general trend of increasing bone strength with
increasing BMD at the lumbar spine®'#?%!7 and the
proximal femur,®'®>1% particularly within a specific
age group.”” Cheng et al.'® was the primary source of
data relating proximal femur BMD to FL for this
analysis. As is typical in such studies, the age range of
the cadavers (69 * 15 years of age) was substantially
above the average age of the mission-ready astronaut
corps (45 £ 5 years of age’'). A linear curve fit of the
gender-specific data is shown in Fig. 2a. Women tend
to have a slightly lower fracture tolerance at a partic-
ular BMD, which may be due to their typically smaller
femoral neck cross-sectional areas and the differences
in the bone microstructure due to aging.”’

Changing the orientation of the loading can cause
complicated stress states in which the bone fails as a
result of tensile, compressive or torsional stresses,
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bending moments, or some combination of all these
modes. Keyak et al.%° found that an impact onto the
posterolateral aspect of the greater trochanter pro-
duced the smallest fracture load. Ford er al.** observed
that femoral structural capacity decreased by 26%
when the loading direction relative to the femoral neck
axis changed from 0° (purely lateral impact) to 45°
(posterolateral impact). Pinilla er al.'®' found that
variation in the loading angle from 0° to 30° (corre-
sponding to the hip rolled slightly forward to back-
ward, respectively) produced a 24% decrease in FL,
which was as significant as the reduction in FL due to
25 years of age-related bone loss after the age of 65.
We used this data to include uncertainty in the angle of
impact in the femoral fracture model.

Several ex vivo cadaver studies, identified in Table 2,
were used as a basis for the relationship between FL
and BMD for vertebral fracture.>'%**!"7 In contrast
to the experimental data on the trochanter, studies
have not yet found gender-dependent associations of
FL with vertebral BMD in a statistically significant
way.”'*? In all datasets used in our model, vertebrae
were exposed to steadily increasing uniaxial compres-
sion until fracture occurred. Ebbesen er al.*' concluded
that a linear fit was adequate to describe the FL/BMD
relationship in their BMD range, although they found
that a quadratic fit was slightly superior. We therefore
used simple linear segments for the FL dependence on
BMD (Fig. 2b). To ensure that the FL remained non-
zero for all BMD, we used a severely osteoporitic
population” for BMD < 0.4 (red line in Fig. 2b). For
static loading at BMD > 0.4, we pooled two of the
studies®™""” with similar demographics and experi-
mental conditions to broaden the dataset and intro-
duce the effect of spinal location (blue line in Fig. 2b).
Biggeman et al.'® estimated that the FL at the L3
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FIGURE 2. Fracture load (FL) as a function of bone mass used in BFxRM with underlying datasets. (a) Hip fracture model:
Dependence of FL on trochanter BMD during a fall to the side. Linear fits for men (M) and women (F) were developed from Cheng
et al.'® (b) Lumbar spine (LS) fracture model: For BMD < 0.4, the fracture model follows the data of Lindsey et al.”® For higher BMD,

static loads are represented by the combined data of Ebbesen et a

Myers and Wilson.*°

13! and Singer et al.,’'” while dynamic loads follow the data of
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TABLE 2. Attributes of key bone fracture studies in which vertebral specimens were subjected to uniaxial compressive loading.

Age (years) Vertebral Loading BMD (g/cm?) FL/BMD slope
Population Mean + SD, range n level rate (mm/s) Mean + SD (kN/g/cm®) References
8F, 10M 66 + 17.3, 29-89 287 T1-L5 0.004 0.515 £ 0.178 11.6 Singer et al?
51F, 50M 57.1, 18-96 101 L3 0.083 0.617 + 0.133 17.3 Ebbesen et al.®'
13F 725+ 9.7 18 T7-T11 0.423 0.294 + 0.672 5.3 Lindsey et al.”®
6F, 16M 52-75 61 L3-L5 1.500 0.809 + 0.201 7.5 Myers and Wilson®°

vertebral level changed by approximately £0.3 kN per
spinal segment during uniaxial compression. In the
BFxRM, we do not attempt to determine the vertebral
level at which fracture occurs, which would require a
more sophisticated model incorporating detailed bone
geometry, density, and microstructure, along with their
complex interplay with applied loads through compu-
tation of localized stresses and strains. While compu-
tationally intensive studies of skeletal components
subjected to  well-defined loads are avail-
able,??23:23:52.6081103.133 3¢ ¢ impractical to implement
this type of model within a widely ranging probabilistic
model. Singer et al.’s''” comparison of seven studies
detailing fracture as a function of spinal location
qualitatively supports the assertion that age is a more
important factor than spinal location in determining
FL (see their Fig. 6). Insufficient data is available in
the literature to quantitatively establish the effect of
loading rate on fracture, but when BMD is in the
moderate to high range, it may suggest that the slope
of FL vs. BMD curve decreases with increasing loading
rate. (See Table 2; this trend continues in,”*"7 albeit
with relatively sparse data.) The dominant failure
mode under static loading is that of a crush fracture.
However, more complex failure modes, such as burst
fracture, can also occur with dynamic loading.”'** We
are unable to capture such high-energy phenomena
with the available data, but we did base our dynamic
loading calculations on a dataset at a higher loading
rate’® for BMD > 0.4 (yellow line in Fig. 2b).

The BMD of the wrist does not significantly change
over the course of a space mission.®® Therefore, wrist
BMD was assumed to remain constant over time, and
wrist FL was not modeled as a function of BMD.
Rather, the wrist FL was specified with a Gaussian
distribution based on strength measurements of cadaver
specimens.>* Wu ez al.'* performed cadaveric testing to
determine the FL of the wrist, but their specimens were
from an elderly population, and direct use of those
results in our model would have underestimated the
wrist strength of our population of interest. Instead, we
obtained wrist BMD data from a cohort of healthy
subjects between the ages of 20 and 59 years
(0.515 £ 0.064 g/cm? for males, 0.434 + 0.06 g/cm? for
females).!”” We then applied this distribution to the

relationship between wrist BMD and FL established by
Wu et al.'® to obtain wrist strength distributions used
in our model for men (3439 + 782 N, range 1875—
5003 N) and women (2560 4+ 629 N, range 1302
3818 N).

Biomechanical Loading Models

We developed four biomechanical loading models
to estimate the loading at the most vulnerable skeletal
locations during specific events. The events represent
both routine tasks, such as a load to the spine while
lifting a heavy object, as well as accidental falls or
intentional jumps. The loading models include:

1. the load on the lumbar spine (LS) while hold-
ing a load with the trunk flexed (LS static lift,
Fig. 3a);

2. the load on the femoral neck (FN) resulting
from a fall to the side (FN side fall, Fig. 3b);

3. the load on the LS at impact after a fall from a
height but landing on two feet (LS feet-first
fall, Fig. 3c); and

4. the load on the outstretched wrist (W) in
response to a side fall or other impact in which
sufficient time exists for the astronaut to
actively respond (W side fall, Fig. 3d).

In keeping with the philosophy of simplicity, the
interactions are modeled as the sum of moments about
the waist for the static lift, or as linear springs,
dampers and masses for all the others. The LS static
lift model (Fig. 3a), represents the slow lift or holding
of a heavy object through a linked-segment model of
the body in a flexed trunk posture. The sum of the
forces and moments about the waist were used to
compute the vertebral compressive force.'!:!%:19-2%-112
The overall erect body height, A, is modeled as a
linear function of body weight with slope and a dis-
tribution of intercepts defined in Table 3. The slope,
dhiot/dmio ge, 1s fixed and the intercept, Mot offsets 1S
parameterized to provide the population variation,
so that a random choice of body mass leads to a cor-
responding distribution of /. Similarly, the height
of the upper body, hyg, is modeled as a linear func-
tion of K, with a characteristic slope and intercept
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FIGURE 3. Biomechanical models. (a) Static lift model. A heavy object with a load Fq is held or slowly lifted at flexion angle 6.
Combined with the load imposed by the torso F; applied at the torso’s center of mass (CoM), there is a resultant force on the
lumbar spine F s, creating a net zero moment about the waist. Moment arms ly.s, Icom and lps are documented in Table 3. (b)
Femoral neck (FN) loading due to a fall to the side. The effective mass of the hip (my), the stiffness (ky) and damping coefficients
(by) of the hip pad, and the displacement of the hip xi; are shown. (c) Lumbar spine (LS) loading in a feet-first landing. The mass of
the head, arms and trunk (myar), pelvis and legs (mp_), and feet (mg); the stiffness of lumbar spine (k.s), legs (k.), and ground (kg);
the damping characteristics of lumbar spine (b, s), and ground (bg); and the displacement of the head, arms and torso (xa7), the
pelvis and legs (xp.), and feet (xg) are shown. (d) Wrist impact model. The mass of the torso (my) and arms (m,), the stiffness of the
shoulder (ks) and wrist (kw), the damping characteristics of the shoulder (bs) and wrist (by), and the displacement of the torso (xy)

and the arms (x,) are shown.

distribution (Table 3). The distance between the waist
and the shoulder, /y,s, is represented as a percentage
of hyp by multiplying a coefficient, a, with Ayg and
added to an offset. The distance between the waist and
the torso’s center of mass (CM), denoted Icp, IS
specified in the same fashion. This method enforced
dependency among the characteristic body dimensions,
ensuring that no unrealistic combination of parameters
would be used in the calculations. Assuming static
equilibrium, the forces and moments at the lumbar
spine due to the weight of the upper body, Fr, and the
load held, Fo, are balanced by the postural muscle
force, Fpy. We used anthropometric data to charac-
terize the distance between the waist and the postural
muscles, /pyp. (See Table 3 for all relevant values and
the studies from which they were derived.) In addition
to the variation in astronaut parameters that were in-
cluded in the Monte Carlo simulations, we also in-
cluded a triangular distribution for the weight of the
lifted object in the range of 0 to 60 kg, with 20 kg
being the most likely value based on mission design
requirements.’ >

Figures 3b—3d display mass m, stiffness coefficient k,
damping coefficient b, and displacement x for the hip
(H), lumbar spine (LS), legs (L), feet (F), arms (A),
ground (G), torso (T) and wrist (W). These variables
form a system of first-order differential equations in
time, ¢, with unknowns x and velocity x of the form:

mx + bx + kx = mg

where g is the gravitational acceleration. The initial
conditions are zero displacement, x, = 0, and initial
impact velocity, Xy = v/2gh, where h is the height of the
fall. We did not consider the effect of atmospheric drag

on a subject falling from a standing position or a
vertical drop of 2 m or less due to the low maximum
velocity achieved over such a short distance. This
assumption is even better on the moon, which has no
measurable atmosphere, and on Mars with approxi-
mately 1% of earth’s density at its surface.’® The val-
ues used for all parameters in the calculations and the
datasets from which they were derived are shown in
Table 3. Where more than one reference is cited, we
used a simple bootstrap method to combine the data
into values for our model. The total body mass, m1q,
varied by gender. If the scenario called for an astro-
naut to be outside the spacecraft on an extra-vehicular
activity, we added 82 kg'** to account for the addi-
tional mass of the spacesuit. We modeled all distribu-
tions as Gaussian, unless otherwise noted. For the falls
to the side, the fall height 4y was the distance between
the hip and the ground, modeled as a linear function of
body mass my,, which is presented in Table 3 as a
slope and offset. We held the slope fixed and defined a
distribution of offsets to account for population vari-
ation. The torso is modeled as a percentage of total
body mass using a uniform distribution between 0.3
and 0.5, less the mass of the arm. For feet-first drop
landings, the fall heights used in the calculation of
impact velocity were 1, 2, and 6.67 m for the astronaut
predictions. For the validation studies, we used a
normal distribution corresponding to the comparison
data. The full matrix equations used for the dynamic
models are given in Appendix B.

The loading model for the hip during a fall to the
side was based on Robinovitch er al.'® As shown in
Fig. 3b, the model used a single mass representing the
effective mass of the hip (H), one spring representing
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TABLE 3. Parameters used in the four biomechanical models shown in Fig. 3.

Value + SD

Parameter Units Min/max Source

Mot kg 60.73 + 8.25 (F) NASA Publications,?”® Naval Biodynamics Laboratory®
85.15 + 0.13 (M)
50/114

Static lift model

Ahiot/ Mot Go cm/N 0.072 NASA Publications,>”® Naval Biodynamics Laboratory®

Prot_oftset cm 120.62 + 2.2 NASA Publications,?® Naval Biodynamics Laboratory®
116/125.2

dhue/dhiot cm/cm 0.38 NASA Publications,?”® Naval Biodynamics Laboratory®

hus_oftset cm 1.73 £ 5.77 NASA Publications,>”® Naval Biodynamics Laboratory®
—-10.72/14.19

dhwas/dhus cm/cm 0.77 NASA Publications,?”® Naval Biodynamics Laboratory®

hvas_oftset cm —9.98 + 7.53 NASA Publications,?”® Naval Biodynamics Laboratory®
—25.75/5.78

dlcw/dhus cm/cm 0.44 NASA Publications,?”® Naval Biodynamics Laboratory®

Iom_offset cm 9.95 + 10.99 NASA Publications,>”® Naval Biodynamics Laboratory®
—13.78/33.69

Iom cm 5.26 + 0.3 Chaffin and Baker,'® Marras and Sommerich,”” Moga et al.®*
4.77/5.76 (M)
4.83 + 0.45
4.1/5.6 (F)

Hip impact model

a, None 0.12 £ 0.37 Sabick et al.'"°
oNn

an None 0.5 4+ 0.081 Robinovitch et al.'®®

a, None 0.27 + 0.17 Kannus et al.%®

Ky kN/m 49.6 + 19.8 (F) Robinovitch et al.'®®
57.7 £ 7.0 (M)

by kN s/m 0.754 + 0.207 Robinovitch et al.'®®

dhw/dmye m/kg 0.0053 NASA Publications,>”® Naval Biodynamics Laboratory®

PH_offset m 0.514 + 0.019 NASA Publications,?”® Naval Biodynamics Laboratory®
0.473/0.554

kis kN/m 3360E =+ 3300 Prasad and King,'®* Renau et al.,'® Duma et al.,*°
190/7800 Yoganandan et al.'®”

k. kN/m 34.3 £ 11.0 Fiolkowski et al.,*> Chi and Schmitt,'® Lafortune et al.,%*
1145/5850 Arampatzis et al.,*”” Granata et al.,*° Ferris et al.,*>*!

Padua et al.'®

ks kN/m 177 + 157 Chi and Schmitt,'® Arampatzis et al.,*” Moritz and Farley®®
76.0/411

bis kN s/m 1290 + 642 Prasad and King,'%* Izambert et al.5®
1290 — 2*SD/1290 + 2*SD

ba kN s/m 1500 + 10% Chi and Schmitt'®

1500 — 0.2*bg/1500 + 0.2*bg
Wrist impact model

an none 0.0474

Ma offset kg 0.17 4+ 0.084

ar none 0.3/0.5

ks kN/m 2.4163 £ 1.137

kw kN/m 48.0 £ 100 (minimum set to 10)
bs kN s/m 0.24142 + 0.0889

bw kN s/m 0.42204 + 0.30706

NASA Publications,?”® Naval Biodynamics Laboratory®

NASA Publications,?”® Naval Biodynamics Laboratory®

NASA Publications,?”® Naval Biodynamics Laboratory®

Chiu and Robinovitch,2° Davidson et al.2®

MacNeil and Boyd,”* Muller et al.,®® Chiu and Robinovitch,2°
Davidson et al.,%® Staebler et al.,'?' Pistoia et al.'

Chiu and Robinovitch®® and Davidson et al.2®

Davidson et al.2®

Gender-specific values are denoted as (F) and (M).

the stiffness of the hip pad, and one damper repre-
senting the damping characteristics of the hip pad.'”
The effective mass of the hip was defined in the
Robinovitch'® model as the mass of the body from
under the arms to the knees. A comparable percentage
of overall body weight, ay, was used as a multiplier to

the total body weight within the model to determine
the effective mass meg. The percentage was determined
from sources with astronaut anthropometric data*>’¢
and could range from upper:lower ratios of 40%:60%
to 60%:40%. Our calculation of the force transmitted
to the proximal femur during standing falls on earth



A Predictive Bone Fracture Risk Model for Astronauts 2345

and in the reduced gravity environments of the moon
and Mars were augmented to account for:

1. the direction of fall.'**319128 Tpy the calcula-
tion, the hip impact angle f was randomly
distributed from 0 to n/6 (0-30°) for any given
event. The impact force (see Appendix B) was
then attenuated by the multiplier (1 — §)'**;

2. the active response to the fall. This response
was set to be successful 72% of the time™ and,
if successful, further reduced the load by a
multiplier (1 — a,), where the attenuation due
to active response, «, = 0.12 £ 0.37, is
between 0 and 1''°;

3. estimates regarding the contribution of the
EVA suit to fall impact dynamics, primarily by
increasing both the body mass and hip pad-
ding. Based on hip protector attenuation
data,>® our model suit attenuation, a,, reduced
the force at impact by a multiplier of
0.27 £ 0.17.

The LS feet-first fall was based on a mass/spring/
damper model, similar to those developed by oth-
ers.'?202083 A5 shown in Fig. 3c, it incorporated three
lumped masses (head, arms and trunk (HAT); pelvis
and legs (PL); and feet (F)), a spring and damper
between the HAT mass and the PL mass to represent
the stiffness and damping characteristics of the lumbar
spine, 026194195 3 spring between the PL mass and the
F mass to represent the stiffness characteristics of the
legs,* 7-19:39:40.42.49.64.100 nq a spring and damper
between the F mass and ground to represent the
stiffness and damping characteristics at the
ground +7-19:40.41.85

The loading model for the wrist when it is used to
break a fall was based on Chiu and Robinovitch.?’ As
shown in Fig. 3d, the model incorporated two masses
(torso (T), and arm (A)), a spring and damper between
the masses to represent the stiffness and damping
characteristics of the shoulder (S),>*?° and a spring
and damper between the arm mass and ground to
represent the stiffness and damping characteristics
of the wrist (W).26:7487102:121 ge6 Table 3 for further
details.

The Fracture Risk Index and the Probability of Fracture

The simulation framework estimates fracture risk
through computing the fracture risk index (FRI),
sometimes called the factor of risk, which compares the
load imposed on the bone and the maximum skeletal
load that can be applied before fracture occurs.”
Although there are a range of definitions for FRI (or
FOR) in the literature, we used the most direct form,
defined as the ratio of the applied load (AL) to the

fracture load (FL).’' In this form, the FRI creates a
deceptively simple framework upon which to develop
bone fracture risk estimates. By design, if FRI < 1,
there is a lower risk of fracture; conversely, if FRI > 1,
there is a higher likelihood of fracture.”' The challenge
in using this form of FRI is in providing skeletal
loading estimates and local skeletal strength estimates
that are faithful analogs to the scenario being modeled.
Based on the “keep it simple” philosophy of this
analysis and the type of data available for the modeling
effort, FRI was used as the principal fracture risk
forecast metric.

Although this approach yields a great deal of
qualitative insight, more useful forecasting requires a
more quantitative measure indicating the fracture
probability. Review of the current literature reveals
few studies that have attempted to link FRI directly
to the probability of fracture, aside from stated
assumptions that FRI ~ 1 or greater indicates a likely
fracture. To do better, we computed the probability of
fracture from the FRI estimates, following the
approach of Davidson er al.*® Additionally, the FRI
calculations are combined with knowledge of the
incidence rates to predict a probability over a defined
period of time. Details of this transformation are given
in Appendix A.

Scenario Execution

For each of the four mission scenarios (see Table 1),
four biomechanical models and both genders, we car-
ried out a Monte Carlo probabilistic simulation to
predict the risk of fracture for one crew member during
the course of the mission. The chief simulation tool
was the commercially available Crystal Ball (Oracle,
Inc.) environment, which operates on top of Microsoft
Excel. The code permitted easy definition of parameter
distributions, as well as the execution of many thou-
sands of trials that sample these parameters to generate
the range of possible outcomes. Each simulation used
either Monte Carlo sampling or Latin hypercube
sampling techniques, based on the most appropriate
technique for the data set. The latter is preferable in
most cases due to its more complete coverage of the
distribution function outliers.

Figure 4 outlines an example of the runtime proce-
dure for the FN side fall model (Fig. 3b); refer to
Table 3 for all parameters and distributions. Figure 4a
provides an overview of the process, while Figs. 4b and
4c¢ detail the steps formed within the biomechanical
and fracture models, respectively. Top-level input data
included: whether the event occurred during an extra-
vehicular activity or an intra-vehicular activity; the
gravitational level, g; astronaut gender; and the mis-
sion timeline.
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FIGURE 4. Outline of scenario execution for the femoral neck side impact model. (a) Top-level schematic for the Monte Carlo
simulation. (b) Biomechanical model, responsible for producing the applied load. (c) Fracture model, responsible for producing the

fracture load.

Prior to the Monte Carlo simulations, we solved a
system of ordinary differential equations resulting from
the mass/spring/damper model (Appendix B), using
Mathworks, Inc.’s MATLAB to form a relationship
between an interim value of the applied load at the
skeletal location of interest, AL*, and the total body
mass, M. The procedure, shown in Fig. 4b, is: Specify
gender and whether or not the scenario called for an
EVA. Using the gender-specific distribution for m,, we
separated the permissible range on my, into eight
intervals. We added the mass of the spacesuit to the total
body mass, my, if an EVA was being examined to
compute the total mass at impact, m*. This mass was
reduced by a multiplier, ay, to determine an effective
mass, megr, representing the portion of m* that actually
contributed to the forces at impact. Meanwhile, 71, was
also used to determine a characteristic height at the hip
level, Ay, defined through a linear relationship to mi.
The slope, dhy/dm,, was fixed, and the intercept
hy_ofset» provided the population variability. The fall
height in this case corresponds to Ay, which was used in
the calculation of the impact force and velocity. For each
interval, we solved the set of ODEs (Appendix B) using
values for the mass, height, spring and damper coeffi-
cients that reflected the relevant distribution of each
parameter. The resulting solution included the unknown
displacement, x, and velocity, x. Next, we calculated the
ground reaction force Fgr = bX + kx from the solution,
which is equivalent to AL* for this biomechanical
model. We saved the resulting AL* for convergence

analysis, along with the mean m, of the interval. We
then repeated the process with new values for m, k, and
b. We tested the effect of running 5000, 10,000 and
50,000 parametric iterations and concluded that negli-
gible changes in the mean AL* occurred beyond 5000
iterations. The results of the calculation were 8 pairs of
myo and AL*, which could then be curve fit. For the hip
impact model, a linear fit of AL*(m,,,) sufficed to define
the relationship, although a quadratic fit was necessary
for the more complicated lumbar spine drop model.
Finally, we built the function AL*(m,,) for each gender,
EVA/IVA, and g into the Monte Carlo engine.

For every trial of the Monte Carlo simulation, the
biomechanical model (Fig. 4b) sampled i, as speci-
fied by the distribution in Table 3, and calculated the
corresponding AL*(my,) for the gender, EVA/IVA,
and g under consideration. As described above, the
function implicitly includes the population variability
in k, b, and hy. The interim load was multiplied by: (1)
the suit attenuation factor, «, and (2) the active
response attenuation factor (I — a,). The factor a,
assumed a non-zero value 72% of the time, repre-
senting the likelihood of a successful active response.
The result was the output of the biomechanical model,
i.e., the AL to the proximal femur.

In the fracture model (Fig. 4c), inputs include gender
and mission timeline. Each trial of the Monte Carlo
simulation selected a mission day based on a uniform
distribution function during the time that the astro-
nauts were on the surface of the moon or Mars. The
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gender specified a pre-flight BMD distribution function
representing the astronaut population from which the
Monte Carlo trial chose a pre-flight BMD. Then, these
selections were used to evaluate BMD on the day of the
fall through the empirical time-dependent bone loss
relation. The computed change in BMD was compared
against a second estimate of the change in BMD, which
was based on the loss plateau observed in terrestrial
studies of spinal cord injury. The two values were tes-
ted, and the minimum BMD loss was chosen. The
resulting BMD was used to find an interim fracture
load, FL*. In the last stage, a postero-lateral impact
angle f between 0 and 7/6 was randomly selected. The
fracture load, FL, was evaluated as FL(1 — ) and
returned as the output of the fracture model.

Referring back to Fig. 4a, the ratio FL/AL was
formed to find the fracture risk index, FRI. Using the
procedure outlined in Appendix A, FRI was converted
to an interim fracture probability pf,. The probability
that a fall event would occur on a given day, p., was
built into the model based on Apollo data. Next, p;, was
multiplied by p. to form the probability of fracture, pg.

This procedure represents a single trial in a Monte
Carlo simulation of femoral fracture. Typically, each
simulation required between 50,000 and 100,000 trials.
When the variation of the standard deviation of the
output parameters remained less than 0.01 over 2500
trials, we considered the solution to be converged. The
primary data resulting from each simulation were a
mean and standard deviation for py,, sensitivity anal-
ysis (internally calculated by Crystal Ball), and the
probability density function of FRI. The other simu-
lations for astronaut prediction and validation
departed somewhat from this procedure on specifics,
although the general construction remained the same.
For example, the lumbar spine fracture model did not
include gender dependence or the effect of off-axis
impact, but it did include a relevant modification for
impacts of short vs. long duration. In the validation
simulations, the distributions were varied to corre-
spond to the population under investigation.

RESULTS

Biggeman ez al.'® estimated the fracture load (FL)
of the L3 vertebra for 75 patients (53F, 22M, 15—
88 years of age) based on measurements of the tra-
becular bone density and the endplate area. The study
included pre-fracture volumetric bone mineral density
(vBMD) from live subjects and compressive testing on
cadavers. In this study, none of the patients were
known to have cancer, osteolytic or osteoblastic
destruction. In a similar study, Bouxsein et al.'' also
calculated the FL as a function of age for 375 women

12000 ® Biggeman et al. (1991)
o Bouxsein et al. (2006)
10000 . —BFxRM
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Z 8000 |
=)
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P 6000 —
=
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FIGURE 5. Comparison of BFXRM predictions of fracture
load as a function of age with data from Bouxsein et al.'' and
Biggeman et al.'® Solid line represents BFXRM simulation
mean value, while the dotted lines denote the uncertainty
band of +3SD.

between 21 and 97 years old to assess the risk of
fracture while lifting a 10 kg load with a trunk flexion
of 90°. The FL was calculated from vBMD, the cross-
sectional area of the vertebral body, the elastic mod-
ulus of bone and a correlation factor. When compared
with the predictions of our model in Fig. 5, 100% of
the Bouxsein data and 75% of the Biggeman data is
bounded within our uncertainty band (dotted lines in
Fig. 5). Due to the relatively large number of women in
the sample, our prediction shows a definitive decline in
bone strength after age 40. (Our age vs. BMD rela-
tionship accounted for the large decline in BMD due to
the loss of bone mass that occurs after menopause.’”)
The BFxRM functions well, even when the age of the
population varies more widely than that of the astro-
naut corps (45 £ 5 years).

BFxRM calculations of the applied load for the
wrist and LS impact models and the static lift model
performed extremely well against experimental mea-
surements and calculations of forces (Fig. 6). Most of
the experimental data is from healthy young male and
female competitive athletes, recreational athletes and
students, ranging in age from 18 to 35 years. Although
the astronaut corps tends to be older than these
cohorts, they are highly fit, so we consider these studies
to be a good representation of our target population.
In addition, data from children (7.4 & 2.2 years),
adolescents (16.1 & 1.3 years), cadavers (64-86 years)
and mechanical surrogates were also used to show that
the model accounts for the uncertainty associated with
differences between populations. For the wrist impact
model, we tested BFXRM results against seven sets of
experimental measurements of the ground reaction
force, Fgr (Fig. 6a).2%21-2027-6L7173 (See Appendix B
for the details of the Fggr calculation.) In the case of
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FIGURE 6. Comparison of BFXRM prediction of forces with experimental data for: (a) the wrist impact model Fgg2%2!:26:27:61.71.73,

(b) the lumbar spine static lift ground reaction force (FgRr)

4,6,7,62,78,113,

; and (c) the static lift lumbar spine force (F,s) as a function of

trunk flexion angle.""?° Solid line is BFXRM mean predicted value, while dotted lines represent the uncertainty band.

the lumbar spine static lift model, we compared the
BFXRM predictions of Fgr to four experimental
studies in which Fgr was measured during a drop
landing (Fig. 6b).*%"-%> We compared the predictions
of Duan et al.*® and Bouxsein er al.'' with BFXRM
predictions with regard to the effect of trunk flexion
angle on the force generated at the lumbar spine while
holding a 10 kg load (Fig. 6¢). The minimum force is
generated in an upright posture, while the maximum
can be approximately 10 times greater with a flexion
angle of 90°. The BFXRM model performed equally
well when compared to the case of no load (data not
shown).

The next set of simulations compared the predicted
fracture risk index to that of other studies. The prox-
imal femur is one of the most studied osteoporotic
fracture locations, and it is one of the most prominent
locations exhibiting microgravity bone loss in astro-
nauts. Lang and co-workers>”®> performed finite ele-
ment simulations of bone fracture using BMD data
from 11 astronauts. Their calculation of risk factor was
2.1 4 0.47 for the 11 astronauts in the study when a
simulated posterolateral fall was used as the loading
event. To validate our FN side fall model, we config-
ured the BEXRM inputs to match a pre-flight fracture
prediction and compared our results against the well
accepted, higher fidelity model (Fig. 7). The uncer-
tainty in our model is approximately double that of the
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FIGURE 7. Comparison of calculated FRI to BFxRM predic-
tions for pre-flight unhindered posteriolateral fall®®; and static
lift of 10 kg load.?®

Lang study. This is not surprising since we employed
general population measures in our model rather than
the specific range of BMD levels of the 11 astronauts
used in the Lang study.

The other data comparisons shown in Fig. 7 are
based on a study of spinal loads during a static lift.
Duan er al®® grouped subjects into two age ranges:
young (18-43 years) and elderly (60-92 years). The
mean and standard deviation of their FRI falls within
our uncertainty band, except for the case of elderly
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FIGURE 8. Comparison of the BFxRM FRI calculation with
the calculations of Bouxsein et al.'' and Biggeman et al.'® on
the percentage of FRI>1 in a static lift.

females in which the BFxXRM calculations are conser-
vative compared to Duan et al.’s predictions.

Model sensitivity analysis illustrates the relative
change in the output parameters due to small changes
in each input parameter, assuming all other inputs are
held constant. Such sensitivity analyses provide a clear
understanding of which parameters most affect model
outcome and contribute to the output uncertainty. It
also identifies areas in which efforts can be focused in
the future to reduce model uncertainty. The most
sensitive parameters in the calculation of the proximal
femur fracture probability are the parameters used to
convert FRI to a probability, followed by the angle at
which the load is applied and the attenuation afforded
by the EVA suit. This is not an unexpected finding, in
that these parameters have some of the highest
uncertainty of all the input parameters within the
model.

Bouxsein er al.'' and Biggeman er al.'’ calculated
the percentage of cases for which FRI > 1. In Fig. 8§,
our model shows the same trend as the predictions of
these studies, although it predicts a lower absolute risk
at the more advanced ages. Below BMD = 0.4 g/cm?,
our fracture model was created from a linear fit of a
small dataset of elderly women. Although our results
are arguably as valid as the comparison calculations,
additional data in this BMD range would strengthen
our confidence in the prediction of fracture risk for the
elderly on earth.

The literature abounds with studies of spinal frac-
ture incidence due to a fall from height, in which height
is one of the many significant factors. The excellent
study of Lapostalle er al.°® indicated that the body
configuration at impact was the most important factor
in determining mortality, a finding that is reflected
perhaps less explicitly in many other stud-
jes ¥8:106.125.132 Gince these studies by their nature are
not well controlled in terms of the number of victims,

1.10

TABLE 4. Comparison of BFxRM predictions of spinal
fracture in drop landings with population studies.

h Spinal fracture BFxRM
Mean + o, incidence  prediction
Reference min/max (m) (%) (%)
Lowenstein et al.”? 6.9 + 4.4, 2/21 50 56
Goonetileke*® 3.2+ 35,0.8,51.8 19 34

fall height, body configuration at impact, gender, sur-
face properties, intentionality, or survival, it is chal-
lenging to find studies that adequately represent the
scenario of interest.” In a feet-first landing following a
fall from height, a range of studies indicate that the
lower extremities and spine are frequently endan-
gered #8130 ye tested the BFXRM against two
studies of the general population that specifically
attempted to control for body configuration in a fall
from height**’? (Table 4). Both of these small datasets
were based on victims who did not ultimately survive
the fall. Lowenstein ez al.”* considered strictly feet-first
landing in their study of 12 casualties. Goonetileke*®
covered a broader range of body configurations in his
comprehensive study (n = 146). His subset of 21 cases
with upright landing includes both feet-first and knee-
first impact. Also, the fall height in that study was
given only in terms of the overall data, so the fall
height we used in the calculations may not truly rep-
resent the correct parameters of the subsample.
Finally, since we were not provided with an alternative,
we used our standard body mass of 72.94 £+ 6.94 kg in
both cases. The BFXRM prediction performed well
against the more relevant Lowenstein study, with a
prediction that was within 6% of the reported inci-
dence. The comparison is less persuasive for the
Goonetileke study, although it should be expected to
be less accurate due to reduced precision in fall height
and the presence of another upright impact mode in
the data.

Mission Predictions

In simulations of extra-vehicular activity (EVA)
shown in Fig. 9, we assumed that the stiff 82-kg
spacesuit would add to the mass of the astronaut,
improve the padding to the hip, and limit the torso’s
bending angle to 45°. We suspect that the suit improves
the fidelity of our idealized models through increasing
the likelihood of a straight-arm impact in the wrist
simulations and the likelihood of vertical two-footed
landing in the lumbar spine dynamic calculations.

Femoral neck fracture probability due to a fall to
the side during an EVA is very low even during a long-
duration Mars mission, possibly due to the effective
use of spacesuit padding (Fig. 9). The static lift model
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FIGURE 9. Predictions of bone fracture probability during reference missions to the moon and Mars. Open symbols denote the
short missions as defined in Table 1, while closed symbols indicate the longer mission scenarios.

represents an astronaut slowly picking up or holding a
heavy object (up to 60 kg, mean 20 kg) on Mars or the
moon. The estimated probability of spinal fracture
during an Intra-Vehicular Activity (IVA) in this sce-
nario is similarly low, even at the most punishing
flexion angle. However, the added weight and com-
promised bone integrity during an EVA on a Mars
long-duration mission leads to a mean fracture prob-
ability of slightly less than 1%. Considering the
disastrous consequences to the crew and the mission,
this scenario warrants further consideration.

In the dynamic fall scenarios, we assumed that the
crew was situated on the reduced-gravity surface of the
moon or Mars. The probabilities are therefore based
only on the portion of the mission that occurred on the
surface. Based on workload requirements from lunar
mission planning, we assumed that each astronaut had
a similar workload and that any given crew member
would perform 5 EVAs per week. Using Apollo data,
we estimated that falls would occur approximately
once per EVA and that a posterior lateral fall would
transpire about once every 28 falls. We used these data
to form incidence rates to calculate the probability that
a posterior lateral fall event would occur on a given
day, denoted as p.. The ladder extending from the new
Lunar Lander to the surface is currently designed as
20 ft. (6.67 m). We assumed that the Mars Lander
would have a similar ladder. Documentation from the
Apollo era indicates that it is not unusual for the
astronauts to skip the rungs at the bottom of the lad-
der and instead jump down to the surface. We there-
fore examined drop heights of 1 or 2 m, as well as
6.67 m representing an accidental fall from the top of
the ladder. The risk of spinal fracture due to a 1-m
drop on short- and long-duration lunar missions is less
than 0.1% at the 95th percentile. The corresponding

probability for a lunar 2-m drop remains below 0.5%.
The fracture probability on Mars is significantly higher
due to extended time in space. The 95th percentile
approaches 5%, and so this scenario merits further
investigation. We found that the short and long mis-
sions to Mars had similar fracture risks, despite the
briefer stay on the surface in the short mission scenario
(see Table 1 and Fig. 9).

In a fall to the side, we assumed that the astronaut
was initially standing on solid ground and impacted
the ground with the hip. The natural response to such a
fall is to extend a hand toward the ground to absorb
some of the impact. While spacesuits are cumbersome
and the field of view is limited, we assumed that only a
proportion of the falls would be broken in this way.
This kind of active response by the astronaut could
protect the hip, but lead to a wrist fracture, which we
found to be the most likely type of fracture (Fig. 9).
While this type of injury is unlikely to be fatal, it can
cause great discomfort and jeopardize mission success.
The 95th percentile for Mars missions ranges from 5 to
8%, which is not insignificant. Gender-specific differ-
ences in mean wrist fracture probability are greater
than that for fracture of the hip or lumbar spine.
However, gender dependence does not approach sta-
tistical significance.

DISCUSSION

Current clinical practice with regard to bone health
at NASA treats Dual energy X-ray Absorption (DXA)
measurements as the gold standard. Most of the
information related to astronaut bone health and bone
loss is referenced to DXA measurements of bone min-
eral density (BMD). Essentially, DXA measurements
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quantify the opacity of bone to X-ray energy. In the
bone fracture risk model (BFXRM), we use BMD as the
sole measure of bone strength. Clearly, this is simplis-
tic.®” It does not take into account the complexity of
bone quality in terms of, e.g., its external bone geom-
etry11’13’23’34; internal microarchitecture, structural
properties, and remodeling?3-36:44-46.52.81.8295.103.119.127,
failure mode*'?”; or loading history.*>:7%123:126 Clini-
cally, a lower BMD does not necessarily correspond to
reduced bone strength due to the profound implications
of these other factors on load propagation and bone
failure.®® However, we believe that the relation of FL to
BMD is the most practical approach for probabilistic
modeling of astronaut fracture risk at this time with the
available data.

Instead of accounting for all parameters, we made
every effort to find the studies that most closely mat-
ched astronaut demographics and skeletal loading sit-
uations to develop relationships between fracture load
(FL) and BMD. However, experimental studies of FL,
such as those used within this model, tend to have a
preponderance of elderly subjects, as opposed to ath-
letic, more youthful astronauts. Aging imposes a loss
in the mineral content of bone, changes in bone
geometry, and deterioration of the bone’s microarchi-
tecture that can all contribute to fracture susceptibility.
At this time, we cannot answer the question of whether
or not “‘space aging”’ of bone is comparable to that of
aging bone on earth.

Our model pessimistically assumes that astronauts
lose bone mass continuously during a mission at the
rates observed with microgravity exposure, down to a
minimum bone mass. Bedrest studies indicate that
extensive resistive exercise can mitigate some disuse
bone and muscle loss.''* Based on reports of astronaut
bone recovery upon return to earth,''® several months
may be necessary to recover 50% of the bone loss
accumulated during extended missions (>130 days).
Many biological processes depend intrinsically on
reaching particular threshold values, so bone recovery
may not be initiated on the moon or Mars when the
astronaut is exposed to reduced gravity levels. Conse-
quently, we could not justify including bone mass
recovery or the inhibition of bone loss rate during a
stay on Mars or the moon. These remain areas in
which we are eager to incorporate new data into the
BFxRM as it becomes available.

In spite of its simplicity, the BFEXRM proves itself to
be quite powerful in comparison of its predictions to a
broad range of published experimental measurements
and higher-fidelity computational models. Simple bio-
mechanical models described hip fracture due to a fall
to the side, spinal fracture in the cases of a static lift
with trunk flexion and feet-first landing, and wrist
fracture resulting from a fall. In testing these models,

the prediction of FL as a function of age matched
independent studies. The forces developed between the
ground and the body and their transmission to specific
regions of the skeleton were captured within the
uncertainty band of our predictions. The prediction of
the fracture risk index (FRI) captured all of the
essential features in comparable models, both quanti-
tatively and qualitatively. In these validation studies,
our relationship between BMD and age for women
included a correction for the time elapsed since men-
opause, which resulted in a slightly reduced fracture
risk for the elderly as compared to the other studies.

The availability of studies in the literature permitted
the inclusion of load orientation into the BFxRM
model of femoral fracture. In a fall to the side, the
failure load for the proximal femur is at a minimum for
a posterolateral impact.'***° The failure can be gov-
erned by either tensile or compressive strains,
depending on the loading direction and the bone
geometry.'* However, in the feet-first landing model,
the BFXRM does not incorporate the effect of angular
orientation on the propensity toward spinal fracture.
Off-axis and/or torsional loading leads to an inhomo-
geneous stress distribution that is highly dependent on
bone geometry, and the uniformity and anisotropy of
its internal material properties. Bending and axial
rigidity are related, but bending rigidity also depends
on other factors such as vertebral depth.”* For this
reason, we attempted to restrict our comparison to
literature on vertical feet-first landing onto hard sur-
faces. We did include a reduction in fracture resistance
for dynamic loading (Fig. 2b). This simple model may
not be sophisticated enough to capture the rich variety
of impact configurations and force transmissions that
occur in studies of terrestrial falls from height. Nev-
ertheless, the model performed well, particularly in
matching well-characterized samples from the general
population.

Hip fracture was unlikely during extra-vehicular
activity for any mission scenario (Fig. 9). Sensitivity
analysis indicated that the spacesuit padding played a
large role in hip protection, although the suit’s bulk,
lack of flexibility and peripheral vision are themselves
culprits in the frequency of falls during EVAs. Mod-
ern, more form-fitting spacesuits may reduce fracture
incidence by improving an astronaut’s agility and field
of view and by diminished mass. On the other hand,
the increased range of motion could also place an
astronaut at risk for spinal fracture during a momen-
tary lapse in picking up a heavy object. It is unclear
whether or not these attributes would affect the inci-
dence of falls on the wrist. In any event, since wrist
fracture was found to be the mostly likely type of bone
fracture, the attenuation designed into the glove is
an important consideration. Currently, our group is
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conducting a study on the effect of padding on hip
fracture. The BFXRM could also be used to aid in boot
design and ladder configuration in order to minimize
the risk of spinal fracture due to vertical drops.
Finally, a multi-objective optimization meta-model
(see, e.g., Branke er al.'?) built on top of BFXRM could
identify designs with reasonable trade-offs in the
choice of materials and their mass and distribution
through optimizing for comfort, functionality and
fracture risk for either lunar or Martian missions.

No practical differences in fracture risk emerged in
comparing our lunar short and long missions (see
Table 1 and Fig. 9). Unsurprisingly, Mars missions
carried significantly more risk than lunar missions due
to increased bone loss. Fracture probability on Mars
was relatively insensitive to increasing the duration of
stay from 40 to 540 days, despite allowing fracture to
occur only on the planet surface. No significant dif-
ferences appeared when increasing outbound transit
time somewhat from 162 to 189 days, although
extending transit time should be expected to magnify
fracture probability. Since fracture risk poses a threat
to mission success, processing additional mission sce-
narios through this model (or in concert with a higher-
level optimization algorithm) could aid in planning
spacecraft trajectories, mission infrastructure, opera-
tions and risk mitigation strategies.

We have presented a strategy to predict fracture risk
in unfamiliar environments. The purpose of this work
is to winnow down the envelope of possibility in the
broad strokes needed to plan space missions and
identify areas that merit more scrutiny. A more precise
prediction of fracture risk could be made in a detailed
deterministic model when all relevant details regarding
an individual and a loading event are available,
including force transmission properties to a specific
skeletal location, the spatial distribution of material
properties within the bone, and a detailed representa-
tion of the bone geometry and surrounding tissue, as
long as adequate computing power and time is avail-
able. A statistical approach as outlined here is a more
fundamental step in approaching an unfamiliar set of
circumstances. It can provide a tool to bound the
problem for mission planning and to target scenarios
that would most benefit from higher-fidelity numerical
work and clinical studies. There are many sources of
uncertainty in our model, and there is also room for
sharpening our knowledge base and improving the
fidelity of our predictions. We continue to search for
additional relevant studies against which to compare
the model. A key priority in future work is to verify
the BFXRM model through comparison of fractures
in a population that is clinically osteoporotic. We
are working with clinical partners to gather statis-
tical information in order to directly construct an

FRI-to-probability relation as described in Appendix
A using the current FRI calculation, thereby reducing the
uncertainty in future estimates of fracture probability.

CONCLUSIONS

To produce a practical, useful estimate of astronaut
fracture risk, we combined simple biomechanical
loading models with simple, physics-based bone frac-
ture models, based on carefully considered choices for
the underlying data that ties the model equations to
real life physics. We used the well-established Monte
Carlo approach to characterize uncertainty. We
derived model parameters from astronaut data for
space mission scenarios whenever possible, and from
populations that most closely matched that of the
target cohort otherwise. When the nature of the load-
ing and population was well-characterized, the model
provided excellent performance in comparison to
experimental data and calculations from higher fidelity
models in terms of ground reaction forces, skeletal
loading, fracture risk index (FRI), and probability of
fracture. We seek further confirmation of our fracture
model at low BMD, corresponding to the elderly on
earth and astronauts after long periods in reduced
gravity. At this time, it is unknown if the characteris-
tics of bone microarchitecture of the latter is directly
analogous to that of bone changes due to aging.

Predictions of hip, spinal and wrist fracture proba-
bility during reference lunar and Martian missions
indicated that the risk of hip fracture is low in all
missions, despite the potential for substantial loss of
bone mass in this area. In all scenarios, the risk of wrist
fracture is the most likely type of fracture. We did not
find any statistically significant differences in fracture
probability by gender in any situation. The potential
for spinal fracture due to lifting heavy objects is quite
low while within the spacecraft, but it may pose a risk
during EVAs on Mars missions due to the weight of
the spacesuit and compromised bone integrity resulting
from an extended period in reduced gravity. The risk
of spinal fracture due to up to 2-m jumps or falls on
the moon appears to pose limited risk, but similar 2-m
drops or greater on Mars should be considered more
carefully for adverse consequences.

APPENDIX A: CALCULATION OF FRACTURE
PROBABILITY FROM FRACTURE RISK INDEX

Davidson er al.*® provided a means of linking esti-
mates of fracture risk index, FRI, to fracture proba-
bility, pg, through the use of logistic regression to
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compare the binary condition of actual fractures to
non-fractures, with reference to a set of appropriate
controls and specified loading events. The logistic
regression used in this study results in a sigmoidal
curve represented by:

1
Pix = (1 —|—exp(—1 * (FRI — ,U) * d)))

(A1)

where u is the position factor of the curve (the value of
FRI where the probability is 0.50) and ¢ is the slope
factor (a measure of the steepness of the curve). Ide-
ally, the development of relevant values of u and ¢
would be derived from data of actual skeletal loading
events, in which conditions and outcomes (fracture or
no fracture), are well documented. Such data are nee-
ded to ensure that the FRI to probability relation is
consistent with the methods used in the prediction of
FRI. Unfortunately, data of this type are lacking in the
literature. Digitizing and post-processing Davidson
et al’s data, derived from radial arm fractures in
children caused by falls from playground equipment,
reveal values of u and ¢ in the range of 0.58 to 0.6 and
7.5 to 12, respectively. Although not directly applicable
to the case of astronaut fractures, these values provide
a rational first comparison in evaluating a translation
function linking the FRI to estimated fracture proba-
bility for astronauts.

To develop the translation function for astronauts
without direct loading and fracture data, we must
make several assumptions concerning the sigmoidal
function parameters, and determine an acceptable
fracture threshold range. Several articles in the litera-
ture suggest that, at the proximal femur, the fracture
threshold (the range when the probability of fracture is
not negligible) occurs when the applied load, AL,
equals fracture load, FL, within +1¢ of the bone
strength'”® or

0<px<1 when FL — g, <AL <FL + opL

where pg is the probability of fracture (a number
between 0 and 1) and o is the standard deviation. For
our purposes, this threshold would formally translate
to:

0<px<1 when 1 — opr; <FRI<1 + ogg;

1/2
4 = o L 2+ [ 7AL 7" <A2)
FRI=1 = ALFL FLZFL2

The threshold of fracture has a mean value of
FRI = 1, and the uncertainty of the threshold value
is dependent on the standard deviations of AL and
FL. Making use of the fact that at FRI =1,
AL = FL, and using the uncertainty of the loading

condition and bone strengths, we estimated that
0.135 < opr1=1 < 0.22. However, testing of the model
using the parameter space imposed by the astronaut
data resulted in a standard deviation of the FRI
estimates ranging from 0.29 to 0.67. This is due, in
part, to the inclusion of other parameter uncertainties
and the generally higher mean values of FRI that are
calculated. Therefore, to be inclusive of all available
data and corresponding uncertainties, the formal
estimate of ¢ at FRI = 1 was adjusted to range from
0.135 to 0.67 in all of the calculations presented in
this paper.

To be reasonably confident that the estimated range
of u and ¢ includes the “true” range of u and ¢, the
following assumptions are made based on the guidance
found in the literature:

1. The mean FRI threshold value is 1

2. At FRI =1 + opri=1, prx = 0.95 represents
the upper limit of the fracture threshold

3. At FRI =1 — ggri=1, prx = 0.05 represents
the lower limit of the fracture threshold

In order to use these assumptions to generate a
range of possible ¢ values, the sigmoid equation is first
solved for ¢. This gives:

ln(}%— 1)
o=l (FRI £ oFRri=1 — 1) (A3)

Under our assumptions that the threshold value for
FRI = 1, and assuming u = 1, then the range for ¢ in
the threshold region is found to be dependent only on
ofFri-1. For the estimated range of ogry—, the range
of estimated ¢ is found to be 4.4 <0 <22. This
approach produces a range on ¢ that is inclusive of the
values estimated by Davidson et al.*

We can again turn to the sigmoid equation to assist
in estimating the range of values for u. Rearranging the
sigmoid equation, p can be calculated as:

ln(i— )

n= MXT + (FRI + UFRI:I) (A4)
Assuming that the mean FRI = 1 and using the pre-
vious calculation, the mean value for ¢ is evaluated as
13.2. Applying the change in py and ogri=; over the
combination of their respective ranges, the range for u
is found to be 0.55 < p < 1.45, which is inclusive of the
Davidson er al.*® estimates. The limits on the family of
sigmoid curves, as described over the range of x and ¢,
are illustrated in Fig. A.1. Although additional data
would reduce the uncertainty in these calculations, the
approach described here reasonably bounds the avail-
able knowledge base, makes use of expert opinion in
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FIGURE A.1. Sigmoid curve family representing the esti-
mated fracture threshold translation function for transforming
FRI to probability of fracture. Solid line represents mean value
of u and ¢, while upper and lower fracture thresholds are
shown in dotted lines at specified combinations of (u, ¢).

the literature, and provides a consistent means of
representing the uncertainty in estimating fracture risk
probability.

To implement the sigmoid translation function for
FRI to fracture probability in the probabilistic model
for fracture:

1. Uniform probability distributions were estab-
lished over the range of u and ¢.

2. Ateach trial when an FRI value was calculated
in the model, the pu and ¢ distributions were
randomly sampled.

3. Using the randomly sampled combined values
of u and ¢, a translation function using the
general form of the sigmoid equation was used
to estimate the probability of fracture from the
FRI value.

Uniform probability distributions are sometimes
referred to as “maximum uncertainty’ distributions
since no value is more probable to occur than any
other value within the limits of the distribution. We
chose this type of distribution for estimating p and ¢
due to the lack of knowledge regarding the shape of a
representative probability density function and to
formally represent the large (epistemic) uncertainty in
this area of the model.

APPENDIX B: EQUATIONS
FOR BIOMECHANICAL MODEL
OF THE HIP AND LUMBAR SPINE

The biomechanical models for dynamic loading
shown in Figs. 3b-3d lead to sets of first-order differ-
ential equations with unknown time-dependent

displacements, x, and velocities, x. For the case of the
hip, the equation of motion is:

muXu + buXu + kuxu = mrg (B1)

where the subscript H refers to the hip, m2 is the mass of
the body, X is the acceleration, & is the spring constant,
and b is the damping coefficient. In all cases, the initial
displacement is set to zero, and the impact velocity is
set to/2gh, where / is the distance fallen. In this case, 4
is defined as the distance between the ground and the
hip.

The equations can be more compactly written as
matrix equations, in which the unknown displacement
Xxp 1s set to x; and the unknown velocity, xX; to x»

X1 . 0 1 X1 0
2= Lo ][] e
The initial conditions are zero displacement and

impact velocity as set by the local gravitational accel-
eration:

X1 (O) 0 :|
= B3
o] = v B)
Once the system of equations is solved, the ground
reaction force, Fgg, is found by summing the damping

and spring forces that are applied between the body
and the ground:

Fgr = bxy + kx (B4)

For the femoral fracture model, Fgg multiplied by
attenuation factors for the fall orientation and active
response is the applied load to the bone. In the bio-
mechanical models for the lumbar spine and the wrist,
the body is represented as a series of linked masses
connected with linear springs and dampers. For the
lumbar spine:

mpXr + Xpbg + Xpkg + (xp — xpL)kr = mpg
mpLXpL + (XpL — XHAT)DLs + (XpL — XHAT)KLS

+ (xpL — Xp)kL = mpLg (BS)
MuATXHAT + (XHAT — XpL)bLS

+ (X¥HAT — XpL)kLs = MHATE

When we perform a similar re-definition of the matrix
variables by:

X1 = XF

Xy = X1

X3 = XpL (B6)
X4 = X3

X5 = XHAT

X6 = X5



A Predictive Bone Fracture Risk Model for Astronauts 2355

then the following matrix equation can be found:

X1 0 1 0

X2 —(kg +kv)/mg  —bg/mg ky /mg
Bl 0 0 0

Xa| ky /mpy 0 —(ky + kvs)/mpL
Xs 0 0 0

X6 0 0 kis/muat

0 0 0 X1 0
0 0 0 w| g
1 0 0 s, (o
—bys/mpr,  kis/mpL brs/mpr. X4 g
0 0 1 X5 0
bis/muatr —kis/muat  —brs/muAT X6 g

with initial conditions:

X1 (0) 0
ng()g V2eh
0 0
)| = | v (B8)
X5 (0) 0
x6(0) V2gh

Similar to the hip model, the ground reaction force,
Fgr, and the force on the lumbar spine, Fyg, is given
by:

Fgr = bgxy + kgxi

Fis = brs(xe — x4) + krs(xs — x3)

The force on the lumbar spine is equivalent to the
applied load to the spine, which was then used in the
spinal fracture model.
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